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In this work an analytical procedure was developed for calcium, magnesium, and zinc determination in
biodiesel samples using ﬂame atomic absorption spectrometry based on microemulsion formation for
sample preparation and discrete aspiration for sample introduction. The microemulsions were composed
by biodiesel, Triton X-100, HNO3 20% (v v
1), and n-propanol 10:5:5:80 (v v1). External calibration was
carried out employing inorganic standards and light mineral oil was used for simulating the matrix of
biodiesel samples. Relative standard deviations (RSD) were lower than 4.0%, 2.2% and 5.7% (n = 10) for
Ca, Mg and Zn, respectively. Matrix effects were not observed when the standard additions method
was applied. Sensitivities by using discrete aspiration for Ca, Mg and Zn were 2.5, 6.1, and 7.0-fold,
respectively, better than those obtained when employing conventional continuous aspiration. Accuracy
was checked by addition and recovery experiments for different types of biodiesel samples (African oil
palm, castor beans, palm, and soybeans), and recoveries ranged from 90.8% to 115%.
 2011 Elsevier Ltd. Open access under the Elsevier OA license.1. Introduction
The worldwide science community is looking for a renewable,
biodegradable and non-toxic fuel due to several disadvantages
coming from the consumption of fossil fuels, such as instability
of the petroleum market and the continuous exhaustion of re-
sources [1–3].
Vegetable oils can not be used directly as fuel in engines due to
their high viscosities and low volatilities which make difﬁcult the
combustion process and promote the formation of residual depos-
its in engines. Thus, transesteriﬁcation process of vegetable oils or
animal fats is an alternative to overcome these problems [4].
Biodiesel is the product of interest of the transesteriﬁcation pro-
cess [5] and, according to the Brazilian Fuel Agency (ANP – Agência
Nacional do Petróleo, Gás Natural e Biocombustíveis) biodiesel is
composed by alkyl esters of long-chain-fatty acids derived from
vegetal oils and animal fats [6].
The global production and consumption of biodiesel are gradu-
ally increasing as a consequence of incentives, such as the imple-
mentation of 10:90 (v v1) blend of biofuel and conventional
diesel fuel in many countries [7]. Taking into account the global
interest in biofuels and consequently the dedicated efforts to reach
a high technological level for biodiesel production, it is necessarylsevier OA license. to improve the quality of the biodiesel to avoid both motor and
environmental impacts. Therefore, new analytical methods for
determination of contaminants and for establishing quality stan-
dards for biodiesel characterization are needed. From an analytical
perspective, it is important to determine the concentration of the
elements introduced during the transesteriﬁcation process, such
as Ca, K, Mg and Na, due to their abilities to damage the engines
as well as due to their capacities to promote the decomposition
of biofuel [8].
Sample preparation of fuel samples for inorganic analysis is dif-
ﬁcult and time consuming due to the high carbon content which
makes the use of microwave-assisted digestion procedures an
attractive alternative [9]. However, studies dealing with the prep-
aration of biodiesel microemulsions as an alternative procedure for
direct analysis have gained interest due to the facility to prepare
them as well as the stability of microemulsions, followed by other
suitable characteristics such as low viscosity and high sample
throughput. The resulting microemulsion is transparent and it is
composed by a mixture of oil with water which is stabilized using
surfactant agents and a solvent with a low molecular mass as
co-solvent [10,11]. The procedure for preparation of microemul-
sion shows advantages when compared with procedures of dilu-
tion with organic solvents or with procedures for preparation of
emulsions, enabling the use of inorganic standards for preparing
the analytical calibrating solutions and none or less toxic solvents
instead of toxic solvents commonly employed, e.g. xylene [12].
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ic absorption spectrometry (FAAS), ﬂame atomic emission spec-
trometry (FAES), electrothermal atomic absorption spectrometry
(ETAAS), inductively coupled plasma optical emission spectrome-
try (ICP OES) and inductively coupled plasma mass spectrometry
(ICP-MS), offer several advantages for metal and metalloid deter-
minations in biodiesel samples. All these techniques enable the
analysis of samples with high load of carbon, as those ones con-
taining organic solvents, allowing the use of sample preparation
procedures less tedious and less elaborated e.g. the preparation
of sample microemulsion [9,12].
Taking into account the low costs of analysis and simple instru-
mentation associated with ﬂame spectrometric techniques (FAAS
and FAES), it could be interesting the development of alternative
procedures of analysis based on easily applied sample preparation
procedures for the determination of major elements. Oliveira et al.
described a procedure of dry decomposition in a heating mufﬂe
furnace for Na determination by FAAS and matrix effects were
not observed allowing the calibration with reference solutions pre-
pared in aqueous medium [13]. Chaves et al. employed microemul-
sion sample preparation using biodiesel samples from different
vegetables sources and from waste frying oils for determination
of K and Na using FAES, leading to limits of detection compatible
with those established by the Brazilian legislation for biodiesel
analysis [14]. These same elements were determined by De Jesus
et al. [3] employing FAAS. In the proposed procedure biodiesel
microemulsions were prepared using n-pentanol 56.6% (mm1),
sample or vegetable oil 20% (mm1), Triton X-100 14.4% (mm1)
and water (aqueous solution of KCl or NaCl and/or diluted HNO3).
On the other hand, the improvement of sensitivity using FAAS
for the determination of metals in biodiesel microemulsions can
be reached by adopting a discrete aspiration procedure for sample
introduction into the ﬂame. This strategy allows the introduction
of a smaller amount of sample into the atomizer without nega-
tively affecting the ﬁgures of merit. Additionally, the intensities
of transient signals are acquired in peak area mode, resulting in
better sensitivity when compared with conventional continuous
aspiration [15].
The goal of the study here described was to evaluate the
combination of a microemulsion sample preparation procedure
and the introduction of microemulsions by discrete aspiration
using FAAS for biodiesel analysis. Microemulsions were prepared
using n-propanol as co-solvent and the determination of Ca, Mg
and Zn was studied.2. Experimental
2.1. Apparatus
A fast sequential FAAS (Varian AA240, Metuchen, Australia) was
employed to carry out all measurements. Calcium/Mg and Zn
hollow cathode lamps were used as radiation sources. An air/acet-
ylene ﬂame was used for Mg and Zn determinations and a nitrous
oxide/acetylene ﬂame for Ca determinations. Flame composition
was optimized based on Ca, Mg and Zn absorbance signals. The
instrumental conditions for FS-FAAS measurements are
summarized in Table 1. Analytical signals were measured as peakTable 1
Fast sequential-FAAS: operating conditions.
Element Wavelength (nm) Applied current (mA) Spec
Ca 422.7 7.0 0.5
Mg 285.2 7.0 0.5
Zn 213.9 5.0 1.0height or peak area for continuous or discrete aspiration proce-
dures, respectively.
Microemulsions were homogenized by using a vortex mixer
(Thermolyne type 37600 mixer, Dubuque, IA, USA). For performing
the discrete nebulization procedure, a micropipette tip of 1000 lL
was simply connected to the tube of the pneumatic nebulizer using
a PTFE (polytetraﬂuoroethylene) capillary and the tip was ﬁxed on
a lab support.
2.2. Analytical solutions, reagents and samples
In order to prevent metal contaminations, all glassware and
polypropylene ﬂasks were thoroughly cleaned during overnight
in a 10% (v v1) HNO3 solution and washed with deionized water,
prior use. All solutions were prepared using analytical-grade re-
agents and water was distilled and deionized with a Milli-Q sys-
tem (Millipore, Billerica, MA, USA).
Nitric acid (Merck, Darmstadt, Germany), polyoxyethylene (10)
octylphenil ether (Triton X-100) (Acros, Somerville, NJ, USA),
n-propanol and light mineral oil (Tedia, Rio de Janeiro, RJ, Brazil)
were used without further puriﬁcation for preparation of micro-
emulsions. Inorganic reference solutions of Ca, Mg and Zn for
analytical calibrations were prepared by appropriated dilutions of
monoelemental stock solutions containing 1000 mg L1 of each
metal (Tec-Lab, Hexis, São Paulo, SP, Brazil).
Biodiesel samples B100 produced from different vegetable
sources (African palm, castor beans, palm and soybeans) were
available at the Center for Characterization and Development of
Materials (CCDM), UFSCar-UNESP, São Carlos, SP, Brazil.
2.3. Procedures: microemulsion preparation and determination of
metals
The direct analysis of biodiesel microemulsions by using fast
sequential FAAS for determining Mg and Zn required the use of a
continuum background corrector with a deuterium source due to
the formation of molecular carbon residues caused by incomplete
combustion reactions. The same molecular interference may affect
Ca determination, but background correction was not adopted,
considering the limited emission of the deuterium source at wave-
lengths greater than 350 nm. Moreover, in the case of Ca determi-
nation, the relative higher temperature of N2O/C2H2 ﬂame (ca.
2800 C) in comparison to air/C2H2 ﬂame (ca. 2200 C) improved
the efﬁciency of vaporization, dissociation, and atomization of
the molecular forms of carbon, enabling a better occurrence of
combustion reactions, consequently eventual background interfer-
ences which are caused mainly by incomplete dissociated diatomic
molecules and scattering effects are reduced [16]. Additionally,
eventual matrix interferences due to changes in the viscosity of
the solutions caused by the high carbon load derived from the
biodiesel microemulsions, which could affect their aspiration ﬂow
rate into the ﬂames and thus the atomic concentration of analytes
in the ﬂame, were circumvented by using the matrix-matching
procedure for external calibration as well as by employing the
standard additions calibration method. Calcium determination
was made without adding a suppressor agent for correcting ioniza-
tion interferences because similar values of limits of detectiontral resolution (nm) Flame composition
Air/C2H2 (L min1) N2O/C2H2 (L min1)
– 10.2/6.35
13.5/2 –
13.5/2 –
Table 2
Sensitivities for continuous nebulization (CN, L mg1) and discrete nebulization (DN,
L mg1 s1) procedures.
Sample Ca Mg Zn
CN DN CN DN CN DN
African oil palm 0.22 0.66 0.76 5.22 0.30 2.13
Castor beans 0.22 0.85 0.71 5.58 0.31 2.12
Mineral oil 0.30 0.76 0.85 5.22 0.34 2.41
Palm 0.30 0.78 0.70 5.67 0.31 2.31
Soybeans 0.30 0.86 0.80 5.03 0.31 2.27
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(m v1) CsCl solution. These data may be explained due to the rel-
atively high concentrations of easily ionizable elements, i.e. K and
Na, in biodiesel samples because KOH or NaOH are frequently used
as catalysts in the transteriﬁcation process for biodiesel
production.
In order to prepare a homogeneous, transparent and stable
microemulsion, 1.0 mL of biodiesel and 8.0 mL n-propanol were
mixed into a 15 mL graduated polypropylene ﬂaks. Then, volumes
of 500 lL of 20% (v v1) HNO3 and 500 lL of Triton X-100 were
added. Finally, the mixture was agitated by using a vortex mixer
for 2 min. The same procedure was adopted for the external cali-
bration method. However, 200 lL of light mineral oil instead of
biodiesel sample was used for simulating the sample matrix, and
the volume was ﬁlled up to 10.0 mL by using n-propanol as organic
solvent. The volume of light mineral oil added is 5-fold lower than
the volume of biodiesel oil because the target was to make compat-
ible the viscosity of these solutions to avoid variations in aspiration
rate and aerosol formation. Suitable concentrations of inorganic
standards of Ca, Mg and Zn were added to the microemulsions
by using low volumes of them for avoiding microemulsion
destabilization.
Introduction of the biodiesel microemulsions into the fast
sequential FAAS was carried out by employing discrete nebuliza-
tion of a volume of 300 lL using a manual micropipette (Eppendorf
Research, Hamburg, Germany). Analytical signals were acquired in
peak area for establishing the analytical calibration curves. A solu-
tion of 2% (v v1) Triton X-100 was inserted between the introduc-
tion of successive samples for avoiding memory effects.3. Results and discussion
3.1. Microemulsion stability
Microemulsion stability is an important parameter for routine
analysis. A microemulsion containing 0.5 mg L1 of each Ca, Mg
and Zn was prepared using biodiesel made from soybeans. The sta-
bility of the microemulsion was checked by measuring absorbance
signals for all three analytes during 8 h and it was observed that
absorbance variation was lower than 10% for all of them. Moreover,
recovery experiments were carried out in a microemulsion kept for
24 h and recoveries for Ca, Mg and Zn were better than 80%.3.2. Analytical ﬁgures of merit
Figures of merit, such as LOD, limits of quantiﬁcation (LOQ), and
precision, are used to characterize an analytical method. LODs and
LOQs were calculated according to IUPAC. LODs values obtained for
Ca, Mg and Zn determinations were 0.11, 0.03 and 0.08 mg L1,
respectively, in original biodiesel sample. According to the Brazil-
ian legislation, the maximum total concentration of Ca plus Mg
in biodiesel must be 5 mg kg1 [17], thus the developed procedure
is fully suitable for monitoring commercialized biodiesel. The pre-
cision of the procedure, determined as relative standard deviation
(RSD), was obtained based on 10 independent replicates at two dif-
ferent Ca, Mg and Zn concentrations in microemulsions, i.e. 0.05
and 0.20 mg L1 for Ca, 0.01 and 0.04 mg L1 for Mg and 0.04 and
0.10 mg L1 for Zn. Relative SD values considering all analytes
and different concentrations of them (low and high concentra-
tions) varied from 1.1% to 5.7% for Ca, Mg and Zn determinations
showing the good repeatability of the developed method. The pre-
cision would be improved using a peristaltic pump for discrete
nebulization but we have decided not to adopt this strategy for
keeping the procedure as simple as possible for routine analysis
in laboratories with limited instrumentation and expertise.Moreover, the standard additions method was applied in order
to evaluate possible matrix effects caused by high carbon contents
and physicochemical properties since biodiesel samples analyzed
were produced from different types of oleaginous vegetables. The
slopes of the analytical curves obtained applying the standard
additions method for African oil palm, castor beans, palm and soy-
beans biodiesel samples varied in up to 15% when compared with
the analytical calibration curves using mineral oil. It can be seen in
Table 2 the slopes of analytical curves obtained by using matrix
matched solutions with mineral oil and biodiesel microemulsions
employing two sample nebulization modes, i.e. continuous and dis-
crete nebulization. As expected, better sensitivities were achieved
by employing discrete nebulization for all media investigated, i.e.
light mineral oil and different biodiesel samples. Sensitivities for
different biodiesel sample microemulsions employing discrete
nebulization were 2.6–3.9-fold greater for Ca, 6.3–8.1-fold greater
for Mg, and 6.8–7.5-fold greater for Zn in comparison with those
obtained for continuous nebulization procedure. These variations
observed for sensitivities could be due to different compositions
of biodiesel microemulsions owing to the use of different biodiesel
sources. For discrete nebulization of the light mineral oil micro-
emulsions, the sensitivities were 2.5, 6.1, and 7.1-fold higher for
Ca, Mg, and Zn, respectively, than those obtained with continuous
aspiration. The lowest differences in sensitivities were observed for
Ca. It should be mentioned that sample transport by discrete neb-
ulization is more efﬁcient than that obtained with continuous aspi-
ration and this effect explains the gain in sensitivity. In addition, if
small volumes such as 300 lL instead of large volumes used with
continuous nebulization are aspirated, the nebulization efﬁciency
is improved as well as the absolute amount of analyte that reaches
the ﬂame atomizer. In this case, the nebulized part of the sample
can be transferred to the ﬂame at once, and as a result, sensitivity
is increased by acquiring analytical signals in peak area instead of
peak height.
Taking into account the advantages of the discrete nebulization
in comparison to continuous aspiration procedure for sample
introduction, the former led to a better precision because small
variations in the analytical signal did not affect appreciably the
integrated absorbance values. Discrete nebulization is also an
attractive strategy for reducing sample volume consumption and
avoiding cross-sample contamination or memory effects since low-
er volumes of microemulsions are introduced and the sample
introduction system can be easily cleaned preventing the obstruc-
tion of the nebulizer.
Considering only the sample introduction step, the analytical
throughput by using discrete nebulization is lower when compared
to the use of continuous aspiration. However, the use of discrete
nebulization associated to direct analysis of biodiesel microemul-
sions improved the overall analytical throughput when compared
to time consuming acid digestion procedures.
3.3. Application and accuracy of proposed procedure
In order to evaluate the accuracy of the proposed procedure for
Ca, Mg and Zn determinations, different types of biodiesel samples
Table 3
Calcium, Mg and Zn determination (mean ± standard deviation, n = 3) and addition-recovery experiments for biodiesel samples.
Element Biodiesel sample Determineda (mg L1) Addedb (mg L1) Recovered (%)
Ca African palm oil <0.11 0.10 99.1
Castor beans <0.11 0.10 106
Palm <0.11 0.10 106
Soybeans <0.11 0.10 92.8
Mg African palm oil <0.03 0.020 91.5
Castor beans <0.03 0.020 98.9
Palm <0.03 0.020 103
Soybeans <0.03 0.020 102
Zn African palm oil 0.68 ± 0.05 0.050 115
Castor beans 0.59 ± 0.02 0.050 99.0
Palm 0.54 ± 0.02 0.050 92.0
Soybeans 0.49 ± 0.02 0.050 90.8
a Concentration in the original biodiesel sample.
b Concentration added to the biodiesel microemulsion.
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by external calibration and addition-recovery experiments. All
recoveries ranged from 90.8% to 115%. Results shown in Table 3
demonstrate the applicability of the proposed method for biodiesel
sample analysis. Addition-recovery experiments also indicated
that the developed method was not affected by matrix interfer-
ences caused by the high carbon content of the samples.
Potassium and Na are also important elements in the quality
control analysis of biodiesel. However, it was not possible to carry
out their determinations by employing the direct analysis of bio-
diesel microemulsion samples due to the high blank signals ob-
tained using n-propanol. This problem would be solved by using
a better analytical grade solvent.
In comparison with other procedures described in the literature
for determination of Ca, Mg [18,19] and Zn [20], the direct analysis
of biodiesel samples in the form of microemulsions associated with
discrete nebulization procedure offers the possibility of employing
a relatively inexpensive technique such as FAAS, which also allows
the determination of these elements according to the limits estab-
lished in the Brazilian legislation, except for Zn, which limit values
are not established. However, it should be mentioned that the
determination of Zn in diesel blended with biodiesel is also impor-
tant because this element is used as an additive [21]. Furthermore,
the analysis of biodiesel based on the Brazilian Legislation is car-
ried out according to the Associação Brasileira de Normas Técnicas
(ABNT NBR 15553 and 15556 for Ca + Mg) and European norms
(EN/ISO 14538 for Ca + Mg), which consist of sample dilution with
organic solvents potentially toxic, such as cyclohexane, petroleum
ether or xylene. The developed procedure completely avoided the
use of any of them.
4. Conclusions
It was proposed here a simple and fast procedure for determina-
tion of Ca, Mg and Zn in biodiesel by FAAS based on microemulsion
formation and discrete nebulization as an alternative to the use of
organic solvent dilution or acid digestion. In addition, this proce-
dure allowed the use of calibrating solutions prepared with inor-
ganic stock solutions in aqueous medium. The microemulsion
was stable and the discrete nebulization led to an improvement
of sensitivity when compared with the conventional continuous
aspiration procedure. Adopting the proposed procedure, Ca and
Mg can be monitored according to the Brazilian legislation
requirements.
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